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. EXECUTIVE SUMMARY

The Chinese mitten crab, Eriocheir sinensis, may be one of the most dangerous invaders
of the Sacramento and San Joaquin drainages to date. This species, first reported in the South
Bay in 1992, has exhibited exponential population growth and now occurs in massive numbers,
At current and anticipated population levels, these animals can severely affect the ecological
balances within the San Francisco Bay/Della watershed, levee stability, water conveyance and
diversion projects, commercial and spaort fisheries, habitat restoration and management efforts,
and hurnan health.

The mitten crab is catadromous: juvenile crabs walk upstream where they grow for 1-3
years and mature crabs walk downstream to spawn in the brackish waters of the San Francisco
Bay/Delta. This migration patiem means that an entire year class moves through known
bottlenecks in the drainage system. These bottlenecks offer an opportunity to interdict the
migration and dispose of the crabs. This research proposal will provide necessary background
information te develop passive mierdiction pathways that lead to disposal depots.

The primary ecological objectives are to determing the substrates preferred and rejected
by the erabs for walking. Under controlled conditions in a laboratory, crabs will be videotaped
while offered paired choices of three substirates (smooth, rocky, muddy). Preferences will be
delermined through statistical analysis. Also, crabs will be videotaped while walking over the
same three substrates and various walking paramelers (e.g., step length, stance width, etc.) will
be measured and compared among substrates. From these data, hypotheses will he developed as
to what physical aspects of the substrates (e.g., mud stickiness, rock size, etc,) contribute to the
prefercnces. A third set of experiments will consist of offering the crabs more paired choices of
substrate but the substrates will have their physical characteristics manipulated to test hypotheses
regarding the physical aspcets contributing to preference/rejection of substrate, These rasults
will provide information necessary for the design of pathways of preferred substrate bordered by
rejected substrate to interdict migrating crabs and guide them to disposal depots.

Adult crabs will be collected at state and/or federal fish salvage facilities and the
laboratory work will be conducted on the campus of the Universily of Califomia at Davis in Yolo
County. Because therc is no field work component to this project, no environmental impaets will
occur and there are no local programs requiring coordination. The duration of this project is
anticipated to be 1.5 years (Sep 99 - Feb 01) but may be longer if funding is delayed because
crab collection and walking behavior is dependent on migration season. Delayed funding may
require extension of work through another fall migration season. The USGS will share costs if
funding is from the US Department of Interior (DOI). In that case, costs to CALFED will be
$286,828. The proposed work is compatible with CALFED cobjectives of recovery of at-risk
native species, rehabilitating natural processes in the Bay-Delta system, improving recreational
fishing, improving reliability of levee system, and reducing negative biologieal and economic
impacts of established non-native species.

The Co-pringipal Investigalors are members of the Mitten Crab Project Work Team (Hui
participates in the Ecology Subgroup; Swanson participates in the Levee Subgroup) and
participated in the development of the National Mitten Crab Management Plan Program. They
both have cxlonsive experience with aquatic animal behavior and locomation and have worked in
recent years in the San Francizco Bay/Delta. Both have Doctoral degrecs in biology.
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111 PROJECT DESCRIPTION
A. Proposed Scope of Work

Intreduction. Invasion of the San Francisco Bay/Delta and its watershed by non-native
species is one of the greatest threats to the averall health of the system, Invasion is also a serious
threat to the success of habilal restoration and to native species conservation and recovery efforts.
The Chinese mitten crab, Eriocheir sinensis, is feared to be one of the most dangerous invaders
lo date. This species, first reported in the South Bay in 1992, has cxhibited exponential ‘
populaiion growth and penetrated many miles upstream in both the Sacramento and San Joaquin
drainages. The catadromous life history of the mitten erab amplifies its potential to affect many
geographic areas within the system. The juveniles walk upstream where they grow over a period
of 1-3 years. The mature crabs walk downstream in the fall to spawn in the brackish waters of the
San Francisco Bay/Telta. The San Francisco watershed is campatible with the mitten crabs’
natural history because, as indicated by preliminary field surveys (CDFG) and reports from the
state and federal fish salvage facilities, the species now occurs in massive numbers. At current
and anticipated population levels, they have the capacity to severely affect the Bay/Delta system
m several areas including:

« ecology (e.g., predation and competition impacts on food webs and benthic communities,
biomagnification of contaminants);

* levee stability (c.g., burrowing may impair levee structural integrity);

* water conveyance and diversion (e.g., migrating crabe clog urban, industrial and
agricultural water diversions, and paralyze fish salvage operations at state
and federal pumping facilitics),

* commercial and sport fisheries (c.g., direet impacts on crayfish and shrimp fisheries,
indirect effects on commercial and sport {isherias for chinook salman, striped bass
and American shad by reducing salvage of young fishes, and bait stealing for
hook and line fisheries);

= human health (e.g., mitten crab may be a host for the Oriental lung fluke and may
accumulate conlaminanis);

* habitat restoration and management (e.g., hamper native species recovery and
conservation, reduce effectiveness of new fish screens).

Total cradication of the mitten crab may be impossible. Therefore, research and
management efforts must be directed at developing effective, continuous, population reduction
and control operations that do noet negatively impact native species. Effective population control
aperations will require detailed understanding of the species’ ccology and behavior (e.g.,
Naticnal Mitten Crab Management Plan, USFWS) but, to date, very little is known about this
highly mobile invader. To begin filling this information gap, we propose a focused, applied
rescarch project to determine mitten crab substrate preferences by examining their locomotion
and behavior. The results may be applied to devise guidance pathways (e.z., of a preferred
substrate) to inlercept and attract migratung crabs to collection depots.

Ohjectives and Approaches.

Objective 1: Determine substrate (mud, rocks, smooth) preferences of migrating mitten crabs.
Appreach: Qffer choices of substrates to crabs and determine selection pattern.

Objective 2: Determine characteristics of substrates that influence selection by the crabs.
Approach: Measure locomotion paramelers (2.g., walking speed, step length) of walking crabs
over different substratcs and determine how those parameters change with different substrate
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qualitics (e.g., mud stickiness, rock size).

Objective 3: Apply results to help design minimally intrusive migration pathways to intercept,
attraet and guide mitten ¢rabs to collection depots.

Approach: Use results of Objectives 1 & 2 to gelect optimum substrates for path (preferred) and
boundaries (rejected) for an interdiction pathway.

Methods. Adult Chinese mitten crahs will be collected from the state and/or federal fish
salvage facilitics in the south Delta. Experiments on substrate preference and locomotion will be
conducted at the Aquaculture and Fisheries Program Aquatic Research Center, University of
California, Dravis. This three-phase project will extend over two winter migrations of the mitten
crab. These phases are interdependent, providing components necessary for the design of
mimimally intrusive migration pathways to intercept, attract and guide mitten crabs to collection
depots. Project management will be conducted by the Principal Tnvestigator.

Phase I, Sep 99-Feb 00: Construct test apparatus; collect mitten crabs; collect data on
substrate preference, locomotion, and tested substrate qualities.

Phase I, Mar 00-Jul 00; Analyze dala from preference, locomolion and subsirate quality
studies; conduct substrate quality manipulation studies; develop substrates with qualities
designed to gnhance selection,

Phase 111, Aug 00-Feb 01: Collect mitten crabs; ¢ollect data on substrate preference and
lacomotion an altered suhstrates; analyze data; prepare written and videotape reports.

B. Lecation and geographic boundaries

The stressors, habitats, and species addressed by this project are located in all areas
within the Sacramento-San Joaquin watcrshed, estuary, and San Francisco Bay where mitten
crebs have been reporied. Application of the results of this project, development of guidance
pathways for mitten crab eollection and disposal, will have greatest benefit along known mitten
crab migration corridors, e.2., lower Sacramento and San Joaquin rivers, and/or upstreant of
federal and state fish salvage facilities.

1V, ECOLOGICAL/BIOLOGICAL BENEFITS AND TECHNICAL JUSTIFICATION
A. Ecological/Biological Objectives

Population control of established invasive species has been identified by CALFED as a
major strategic plan goal. This goal is essential to safeguard planned and ongong habitat
restoration efforts, to protect of native species and, in the case of Chinese mitten crabs, to protect
levee integrity for water conveyance, water quality, and flood contral. Mitten crabs, because of
their rapid population growth and potential impacts on multiple aspects of the Bay/Delta system
and watershed, pose an extremely serious threat to the ecological and functional integrily of the
systenl. Developmeni of effective population control strategies and methods requires detailed
undersianding of the targel organism’s biology, ecology, physiology, and behavior (National
Mitten Crab Management Plan, USFWS). However, despite previous mitlen erab invasions in
other aquatic systems {e.g., Europe), very little other than a basic understanding of the species’
natural history is known about the species it general, 2nd even less about its biology within the
Bay/Delta systcm. The objective of the proposed project is to investigate a critical aspect of
miltien crab natural history and behavior, locomotion and substrate preference, and to use the
results to develop an efficicnt, effeclive population coniro! strategy that has minimal adverse
impacts on native species and their habitats. Listed below are the technical justifications for the
project approach and proposed populalion control strategy.

4
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1. Milten crabs are highly mobile and undertake age-determined migrations; juvenile crabs
migrate upstream (spring-summer) and maturing adults migrate downstream during a relatively
narrow temporal window {fall-winter) to brackish water for spawning. These directed
migrations, in which the entire population of a particular year-class must transit a limited number
of routes, present the most practicat time for concertad population control efforts,

2. Comprehensive and quantitative understanding of mitten crab locomotion, the effects of
suhstrate iype on locomotion, and their substrate preferences for locomotion will contribute to
our understanding of migration routes, maximum migration distances, and will suggest ways to
intercept and guide migrating crabs to collection sites for removal {¢.g., using a traveling screen
similar to that undergoing tests ai the Tracy Fish Facility, USBR) and disposal.

3. Outmigrating adult crabs, which are moving from an extremely large geographic
distribution in the Delta and tributary rivers downstream to the more constricted confluence,
would probably be the best target for population control efforts for several reasons:

a. increased probability of intercepting, diverting, collecting, and disposing of a large

portion of the population as the crabs pass through migration bottlenecks;

b. adult crabs ate the most serious threat to fish salvage at the state and federal facilities; and

c. reduction in numbers of adult crabs reduces spawning population size and thus reduces

population sizes of succeeding generations.

4. Effective population control of the mitien crab will probably be a continuous program, thus
development of @ method that has minimal impacts on habitats and native species is crugial,

5. Colleclion and remaval of crabs focused at the state and federal fish salvage facilities,
while necessary to protect salvaged fishes, will not significantly affect mitten crab population
levels because migrating crabs collected at the facilities represent only a small fraction of the
adnlt population.

B. Linkages

Chinesc mitten erabs were only recently determined to present a serious threat to the
Bay/Delta system, thus there are no past or ongoing CALFED programs directed at the specics.
The proposed project is new and complements several ongoing and proposed research efforts,
including studies of distribution, habitat utilization, and burrowing. In particular, this project,
with 11s emphasis on substrate preference and locomotion, directly complements ongoing
rescarch on colleetion and diversion metheds of migrating crabs at the federal fish facilities
(USRR).

In addition to development of population control measures for esiablished invasive
species (CALFED Goal 5; ERPP, Volume 1, p. 40, 467, Vol. 2, p. 73), the proposed project
addresses other CALFED and ERPF goals including:

* native species recovery and conservation - mitten crabs have disastrous effects on
fish salvagc operations at state and federal facilities (CALFED Goal 1;

ERPP Vol 2, p. 110; Vol 1, p. 497)

» rehabilitation of natural ecosystem processes and habitats - 1) mitten erabs compete
with native species for habitat and food, prey upen native species, and alter
natural habitats by burrowing; and 2) adverse effecls of invasive specics
like the mitten crab can negals the positive cffects of habitat and ecosystem
Testoration and operational improvement (e.g., fish screens and fish salvage)
programs (CALFED Goals 2 and 4; ERPP Vol. 1, p. 40, 467; Vol. 2, p. 73)

+ recreational and commercial species - mitten crabs disrupt shrimp and crayfish

5

| —019647
1-019647



fisheries, threaten the dungeness crab fishery, kill salvaged commercial and sport
fishes (e.g., chinook salmon, striped bass, American shad), and steal bait
(CALFED Goal 3).

* levee system iptegrity - burrowing behavior of mitten crabs may impair levee structural
integrity, threatening water supply, water quality, flood control, Delta and
upstream land use and associated econormic activities, and the ecosystem from
catastrophic failure (CALFED Bay/Delta Program Objective).

C. System-wide Lcosystem Benefits

By its sheer numbers the Chinese milten crab is having a sericus impact in the San
Francisco Bay/Delta ecosystem. It is impairing fish salvage operations at state and federal
facilities and thus on recovery and conservation of priority species (e.g., delta smelt, splittail,
chinook salmon) and threatens to disrupt benthic commurities, to alter food webs, and to reduce
effectiveness of new fish screens (e.g., impairing flows through screens, clogging bypasses). As
a potential host and vector of the Oriental lung fluke and as a possible bicaccumulator of toxic
compounds and melals, 1 may be 2 serious hazard lor human (and animal) consumption. Other
negative effects may yet be reported as more information becomes available about mitten crabs
within the Bay/Delta system and Sacramento-San Joaquin watershed. Improved understanding
of mitten crab natural history and the resulis of this proposed focused applied investigation of
their movement will provide integral components for development of effective population
control strategies that do not jeopardize other ecosystem restoration programs and have minimal
impacts on native species.
D, Compatibility with Non-Ecosystem Objectives

Unlike many other estabiished invaders that largely affect the Bay/Delta and watershed
ccology and food webs, the mitten crab also poses a credible threat o 4 number of non-
ecosystem related issues. Results and applications of this project 1o control mitten crab
populations will provide benefit for several CALFED non-ecosystem objectives including: levee
system integtity (burrowing behavior may weaken levees); water quality (levee failures could
rasult in increased salt water intrusion into the Delta and reduced quality of diverted water);
water supply (problems with fish salvage may force reductions in pumping rates; mitten crabs
may also affect screened and unsercencd industrial, utban, and agricultural diversions); and
commercial and sport fisheries (e.g., shrimp, crayfish, dungeness erab, chinook salmon, striped
bass, American shad).

V. TECHNICAL FEASIBILITY AND TIMIN{

The methodology described in this proposal wiil provide the information necessary to
meet the stated objectives. Not only will substrate preferences be determined but the substrate
characteristics that induce those preferences will be identified. Such information may be eritical
when construction of interdiction pathways is iniliated. No other alternatives are known that will
meet the same objectives.

The ultimate objective (to be pursued under a subsequent effort) is to construct effective
inlerdiction pathways. Currently, these pathways are envisioned to consist of the most-preferred
substrate bordered by the Jeasi-preferred, or rejected, substrate. Because the walking behavior of
the crabs is predictable only during migration (downstream), these pathways will be functional
only during the migration period in the fall {Augus( - November). Effects of siltation during
these few months will be much less than if the elTort were required 1o be functional all year.

&
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However, stream flow and stream bottom vary considerably throughout the San Francisco
Bay/Delta system so some locations are better suited for interdiction pathways than others. Also,
the optimum pair of substrates (path and border) may not work at a given location for any
number of reasons. In such cases, interdiction effectiveness with other substrates can be
eslimated (and delermined to be worthy of effort ot not) based on the results of Phase IIT of the
proposed project. Details on how and where such an interdiction system will function is
dependent on the physical characlensties of candidate sites and on the resnlts of this project.

This project will oceur in a laboratory setting and requires no CEQA, NEPA, or other
environmenta] compliance documents. Permits required to be in place to proceed with this
project are CDFG Scientific Collecting Permit (FG 1379) and CDFG Restricted Species Permit
{FG 1312). Applications for bolh permits have been submitted. No zoning regulations, planning
ordinances or other constrainis that could impact the schedule and implementability of the
project are known.

YI. MONITORING AND DATA COLLECTION
A, Biological/Ecological Objectives

The objective is to determine the type of substrate on which mitten crabs prefer to walk.
Previous work {reprint enclosed) showed that the lined shore crab Pachygrapsus crassipes,
closely related o the mitten crab (same family), changed locomotory parameters (e.g., mean
walking speed, duty factor, stance width) when walking on different substrates. That work will
serve as a mode] for the proposed praject. We hypothesize that the mitten crab will demonstrate
similar changes and these changes will be indicative of preference for types of substrate. We will
then determine the preferences, modify the substrate 1o enhance/reduce key characteristics, and
measure changes in strength of preferences. Data on preferred and rejected substrates can then
be used to design paths for inferdiction of migrating mitten crabs. The major limitation of this
study is the narrow time window in which crabs will be available. 1f funding is delayed, testing
may need to be extended 1o another year to include another migration.

B. Monitoring Farameters and Data Collection Appreach

This study will be executed in a laboratory so no habitat monitoring is needed, Test
animals will be collected at fish salvage facilities in the south Delta during the fall downstream
migration and relocated to the University of California, Davis, for the experiments. Experiments
will be conducted in a test flume constructed for this project. In the flume, flowing water will
induce directed walking behavior. After the tests, the crabs will he disposed of as required by the
CDFG Restricted Species Permit,

Parameters/measurements: substrate type (smooth, rocky, mud); substrate guality
(stickiness, roughness); locomotion (walking speed, time dactylus moves on and off the
subsiratum, length of each step, stance); subatrate preference (proportion of time on each
substrate, distance and proportion of total distance traveled on each subsirate).

Data Collection: All locometion and substrate preference experiments will be videotaped
10 produce a permanent record. In preference experiments, each crab will be presented paired
choices of substrate. Substrate quality data will be mezsured using appropriate instruments.

. Data evaluation approach

Sample size: Locomotion and substrate preference data will be collected on a minimum
of 10 adult erabs. In locomotion cxpetiments, each crab will walk on cach of three substrates
(flaf, rocky, muddy) enough times to provide five analyzable sequences. Tn substrate preference
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experiments, cach erab will be tested a minimum of 10 times on each paired substrate choice.
Lacomotion: Walking parameters will be measured from videctape records using a
computer-assisted, video-eapture, motion analysis system (Peak Performance Technologics,
Inc.). Resulls will be analyzed using comparative statistics (e.g., ANOVA, regrassion analysis).
Substrate preference: Proportion of time on each substrate, distance and proportion of
total distance traveled on each substrate will be measured manually from videotape records.
Results will be analyzed using appropriate statistics (c.g., ANOVA, binomial, Chi square).

D. Reports

CQuarterly reports will include financial status, activities during the quarter, tasks
completed, deliverables produced, problems encountered, and a description of modifications to
the contract. The final technical written report also will be published in scientific journals where
peer review assurcs adherence to current scientific standards. Videotape records will also be
provided 1o CALFED and made available to interested agencies. All data will be stored by the
Principal Investigator for five years after project completion. These data may have only limited
use for metadata. There are no existing data sources to support this project.

Table 1. Monitoring and Data Collection Information

Bialogical/Ecologice]
Objectives

HypothesisiQuestion Lo
be Evaluated

Monitoring Parameter(s) and Data
Collection Approach

Data Evaluation
Approach

Comments Data
Priority

(1) How do walking
parameters change on
cach of several different
substrates?

Videotape crabs walking on mud,
flat, and rocky substrates and
measure walkinyg speed, time cach
daclylus moves on and off the
substralum, length of cach step, and
stance widfh.

Compare duty factor,
stance width, phase
difference between
leading and trailing
rows, and walking speed
ampng subsirates,

Essential data to
address Question

3.

(2) What is the rclative
dagree of preference for
gach of the tested

Videotape crabs when presented
with paired choices of subsirates to
walk on. Each crab to make clear

Use appropriate statistics
{o detenmine
preferences.

Hesential date ta
address Question

2).

substrates? sclections in at least 10 trials.

(3) What arc the Videotape crabs when presented Use appropriate statistics | Will be basis to
mechanical parameters of | with paired choices of modified to determine preferences | design pathways
each substralc type which | substrates to walk on. Eachcrabio | and compare with results | for interdiction
make il more/less make clgar selections in at least 10 | of Questicn (2), of migrating
preferted? trials. mitten crabs.

VIL. LOCAL INVOLVEMENT

This project will perform measurcments on walking of mitten crabs while in a controlled
cnvironment. When it is evident that execution of field tests will be fruitful, they will be
conducted under the umbrella of a separate funding effort. To conduct the proposed

measurements, it is not necessary for the participation, consent, or cndersement of local agencies,

environmental groups, property owners, or facilily owners, or to perform public outreach.
However, we have notified the Yolo Country Board of Supervisors and the Yolo County
Planming Department aboul our proposal submission (copies of letters are atached).
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YL COST

A. Budget

The budget in Tables 2 and 3 reflects costs and USGS cost sharing, assurning that CALFED funds are from sources within the
TS Department of Interior (DOT). The Project Management Task consists primanly of validation of costs, preparation of periodic
reporting requirements, response lo project-speciic questions, and necessary costs directly associated with project oversight. Costs for
ihis task are labor and report preparation.

Table 2. Total Budget {CALFED finds oniy] assumes finding is {ffom US Department of Intenor.

Task Direct Drirect Salary and | Service Material and Misc. and other | Overhead and Total Cost
Labor Hours | Benefits Contracts Acguisition Costs Direct Costs Indirect Costs
Phase L 1,186 50974 EfL) 45000 11,552 a 107,827
Phase II 2343 104,131 400 1000 14,403 o 119,934
Phase [T 888 38167 204 208 5,771 0 46,978
Project Management Task 262 10,241 0 0 1,849 0 12,090
Table 3. Guarterly Budget assumes CALFED funding is from US Department of Inferior.
Task Quarter Budget | Quarter Budger | Quarter Budget | Quarter Budget | Quarter Budget | Quarter Budget | Quarter Budget Tetal
Tul - Sep 99 Oct - Dec 99 Jan - Mar 00 Apr - Jun (¥} Tul - Sep OO Oct - Dec (1) Jan-Mar 01 Budget
Phase | 77421 32,658 0 [ 0 0 0 110,074
Phase 11 2 36,569 28,456 28456 28,456 0 ] 121,937
Phase IL1 ] 0 d g a ITITE 27 335 54,813
Total 71421 69,227 28,456 28,456 28,456 27278 23,535 256,829
9




B. Schedule
specific tasks will have the start/completion dates noted below:

Table 4. Proposed work schedule,

Phase Start Date | Completion Date

Phage I Construct (est apparatus; collect milten crabs; collect data on 01 Aug 99 | 29 Feb 00
substrale preference, locomotion, and tested subswate qualities.

Phase IT: Analyze data from prelerence, locometion and subsirate quality 0] Mar 00 | 31 Jul 00
studies; conduct substratz guality maaipulation siudies: develop substrates
willi qualitics desipnied 10 enhance selection.

Phase I11: Collecr mirtrzn erabs; collect data on substrate preference and 01 Aug Q0 | 28 Feb 01
locomaotion on altered substrates; analyze data; prepare written and videotape
teports.

IX. COST SHARING

With project funding assumed to otiginate from within the US Departruent of Intevior
(DO, the USGS will contnbute overhead charges (16%). A cost savings of over 545,000 will
be realized compared to funding from a non-DOT source.

X. APPLICANT QUALIFICATIONS

Thiz project will have a small staff, consisting of the Principal Investigator and Ca-
Principal Investigalor. The Principal Investigator will be responsible for administration and
manzgement of the projecl. Both investigators will share technical and execution
responsibilitics.

Both investigators are members of the Mitten Crab Project Work Team (Hul participates
in the Ecology Subgroup; Swanson participates in the Leves Subgroup) and participated in the
National Mitten Crab Management Plan Program. Both investigators have extensive experience
with aquatic animal behavior and locomotion and have worked in recent years in the San
Francisco Bay/Delta.

Biosketches:

Clifford A, Hui
BA (zoology) Pomona College 1967
MA (biology) San Diego State University 1973
Ph.D. (environmental physiology) UCLA 1983
Current position: Research Bielogist (G5-13), USGS, Davis, California,

Relevant publications:
Maneuverability of the Humboldl penguin (Spheniscus humboldt) during swimming. Canadian

Journal of Zoology 63:2165-2167 (1985).
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Porpoising behavior of penguins: energy conservation or respiratory necessity? Canadian
Joumnal of Zoology 65:209-211 (1987).
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WALKING OF THE SHORE CRAB PACHYGRAPSUS
CRASSIPES IN ITS TWO NATURAL ENVIRONMENTS

Bv CLIFFORD A. HUT*

Chemisiry and Binchemisiry Bronch, Code 521, Naval Ocean Systems Cenier,
San Diegn, CA Q2I152-5000, T/5A

Agpepied 31 Decenther 199/

Summary

Video analyses ol crabs walking on smeath and rocky tetrains when in aiv and
when submerged in water were nnducted, Modifications of walking in the two
environments, belween which the animal’s weight changey sivfold, ape congistent
with the goals of maximizing cuse of walking and minimizing risk af injury. The
duty [actar (Iraction of siep eyele in which the dactylus is in contact with the
subsiratum) was greuter fhun 30 % when in air compared to less then 46 % when
submerged, indicating a need for greater stability against the destabilizing vertical
farce of graviy when o air. The duty Lactors of the trailing and leading leg rows
were the same [or the Lwo terrzins in air bul the traihng leg row had g larger duty
factor when submerged, indicating & greater pushing effort 1o overcome drag
forces, Width ol stance differcd among the four wonditions and was nurrowest in
animals walking over rocky terrain tn air, the condition which has the greatest
poténlial Tar injury. The mean phase difference (percentage of a step cycle by
which ipsilateral legs differ) between leading and traihing rows did not ditfer yrder
any condition excopt for submerged smoath terrain, meeting the unique require-
ments of that condition. The observed walking speed rapge had no effect on
starice, doty lactor or phase differcnge.

Introduction

Shore crabs inhabit two environmental regimes while their brachyuran relatives
inhabit only ong, There is no shore crab more successful than the lined shore crab
Pachygrapsus crassipes Randall. ‘This crab is found along rocky shores on the west
coast of North America from 24°20 to 45° latitude and in Japan and Korea
between 34° and 37 (Hiati, 1948), Its habitat extends from the upper low
intertical zone to the highest high intertidal zone (Hiatr, 1948), and the crab has
heen maintained out of water for up o 4 days (Gross, 1957).

An imporant element in the successful competition of P. crussipes Is loco-
metion, T.ocemotion cnsbles migration (Bevbjery, 1960e; Gross, 1961}, foraging

#Present address; 1.5, Fish & Wildile Serviee, ofo Wildiile & Fisheries Biology Depart-
ment, University of California, Davis, CA 95616, LISA.

Key words: walking, crabs, locomation, Kitematics, Pachygrapsies crassipes.
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(ITiacl. 194%), couriship {Bovbjerg, 19605) and predator cscape (Hiatt, 1948). All
thest activities, except courtship, ocour in both ar and water. Howevet, the
physical requirements for locomeotion differ between the two regimes. [n air, it is
the vertical force of pravity that may destabilize (cuuse loss of control) a walking
craly, bul in water, buoyancy neutralizes the effects of gravity and it is the
horizontal forees of currents or drag resistance that are destabilizing,

These crabs may change locomotion variables to secommodate the different
physical constraints of each regime. Other animels change locomotion patterns to
minimizc energy expenditure (Hoyt and Taylor, 1981; Dawson and Taylor, 1973},
maximize ventilation (Jackson and Prange, 1979 Currier, 1987: Hui, 1987, 1989)
or reduce mechanical stresses (Farley and Taylor, 1991), Some spiders have
ditferent walking putterns when walking on land to those when walking on water
{Schultz, 1987). In the light of these ohscrvations and bceause a change in
cnvironmental regime triggers a change in social behaviour of P crassipes
{Bovhjery, 1960g), it scoms reaspnable (o cypect that a chunge in environmental
regime, with its ceneomitant change in physical forees, would also trigger a change
in locomotory patteens,

There arc muny studies of watking crostacrans (e.g. Pond, 1575; Barnes, 1975,
Chasscrat and Clarae, 1980 Grote, 1981; Hessler, 1982, Clarac eral 1987,
Blickhan and Full, 1987; Muller and Clarac, 1990a.b), but the nature of
modifications it locomoetion effected in compensation for changes in pormal
environmenial conditions has not been thoroughly explored. T report here on the
differcnces in locomotion patterns of Pachygrapsus crassipes walking in the two
environmenta) regimes and two Lerrains of its normal habitat.

Materials and methads
Anfrals

Male Pachyprapsus craisipes were collected at Hospirality Point on Mission Bay
in Gan Diego, California, using bait on a line during the month of Angust, Only the
largest individusls with all appendages intact were Tetained for recording. The
range for the maximum widths of the carapaces was 33.6-38. 8 mm. well above the
14.0 mm width of minimum size for sexual marurity (Hiarr, 1948). The animals
were muintained in acraled sea water at collecction site temperarure but st fed.
All recordings were completed and the eruby released within 26 h of capture, Eight
crabs were used for recording.

Kecording
Video recordings (Panusonic WV-T2 cumera, Panasonic AG230 recorder, at
3 frames s ‘l‘) of the crabs were made using a mirror arrangemcent enabling a
vertical view (Fig. 1). Fach crab was placed in o plustic pan (47 cm X35 emx 12em
deep) under on¢ ol two regimes: in dr or submerged in sea warter. [n cach
submerged cuse the waier was of a depth (approximately 9em) adequate not only
to cover the ¢rab but also to preclude the formation of surface ripples (encrgy

I —019655

|-019655



Walking in iwo environments 218
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support

Videe
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—

Pan with crabs

Fig. 1. Schematie druwing {not to scale) showing the general configuration of the
observalion sel-up.

consuming) when the crab was walking. Each regime had two terrains: smooth (a
Jarge paper towel was fastened to the bottom for traction) and rocky, The rocky
substrutum consisted ot several layers of randemly placed broken quartz-like
miaterial. The thickness of the layers was adequate o cnsure that, if a space
between rocks opened directly to the floor of the plastic pan, the distance was
grealer than the reach of the erab’s leg. The broken nature of the rocks and their
random placement ensured an irregular wulking surface. The rocks had a mean
maximurn length (5.0} of 4289 9mm and mcan maximum width of 30.5
+7.8mm (N—20). The third dimension was the smallest but was not measuted
because the first two dimensions will impart the nature of the rocky terrain,
Although not the dark type of the crabs’ natural habitat, this rock contrasted with
the dark body colour of the crabs und tacilitated video analysis.

TLach crab was individually recorded walking over bath tetrains (one ar a time)
ul only oo of the regimes. A minimuam of Gve walking sequences [or cach terrain
for each crab way selected for analysis. Criteria for selection were a straight path,
an even sideways gait and clarity of the images. Ground contact by the dactylus is
evident because (1) horizontal displacement ceases and (2) the dactylus changes
arienlation from vertical to horizontal, A mark of known length was placed in the
camera’s view for euch walking session and uwsed for sealing adjustments.
Measurcments were taken diveetly from a 48-cm {diagonal) video screen. The
stop-action capability of the player (Panasonic AGS00) and the on-screen time
record allowed reacquisition al the same images for re-examination when
TICCCHEALY.

The data collected were the mean walking speed, the time that cach dactylus
moved onto and off the substratum, the length of each step (distunce between the
substrarum contaet points for u dactylus) and siance (maximum distance belween
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the dactyli of a contralaleral leg pair within one step sequence). The stance
measurcment did naor require that both dactyli of the pair he on the sybstratum
simultaneously. The number of sieps measyred for each dactylus for each walking
sequence varled from 0o 7,

Broyancy
The weights of this species of crab in water and in air were determined using 13
individuals not used in the locomotion reecrdings. The range of the maximum
carapace widths was 26.9-35 3mm. The crubs were divided into Two groups (mean
carapave widths: 32,0022 38 mm, 34.05+1.23mm) and the individuals in each
proup were weighed together s a single group in both air und water., Weighing
thern as proups increascd the total weight, thereby reducing relative error,

Results

Eighty-two walking sequencces were examined: 32 in afr (3 crabs, 17 sequences
on smooth termain, 15 scquences on rocky) and 5 submerged (5 crabs, 25
sequences each on smooth and rocky terrain). Ccecasionally a crah walked
forwurds, backwards or obliquely or turned, bu these scquences were not
vonsidercd, Sample size was inadequate for paired comparisons, On eareful
observation, the fourth (last) leg on each side appeared to be used as a tactile
sensor oo frequently to be considered # participant in the general walking pattern
displayed by the other legs (Fig. 2). Statistical results were more random when
data from the fourth legs were included. Therefore, the results presented hers
exclide data from the fourth legs unless otherwise noted. The crubs displayed the
VArious gaits expceted by Wilson (1964) at the gher walking speeds for intsects
although the crabs were walking slowly, The aliernating (ripod gait Wilson
described for the highest specds occurred in crabs uy the alternating tetrapod gait
but appeared ut the slowest speeds, The crabs never appeared to stumble, When 4
dactylus mis-stepped inte a hole on rocky terrain, the leg continwed throygh the
stepping motion cyele until it mads contact with the substratum,

At a constant framing rate of 30 framess Y, the relative precision of the tming
measurements decreases as the walking speed increages. Using the relationships
among siepping frequency, framing rate and maximam etror deseribed n cror
analysis for stepping locomotion {Ward and Humphreys, [981). the maximum
crror at the [astest walking specd I measored (41.2¢ms ™) is 9.3% of the step
duration. The maximum crror of the 85 % of the total walking speeds that were
helow 12ems ' (Tig. 3) Is well within the 4% error consldercd acceptable. The
mean errors are half of the maximum error values {Ward and Hurnphreys, 1981).
‘The variability in precision does not bias the measuryment estimate sysiematicaily
in any direction but increascs the variance about the mean ot presumed true value,
Accordingly. none of my analyses regarding the time measurement s dependent
on the precision of a given scl of measurements, The analyses consist of
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Time {5)

Fig. 2. Examples of stepping patterns. Solid lines indicare that the dacrylos is in
contact with the substratum, Dotted lines scparate metachronal seguences. Metachro-
nal sequences cun be depicted as starting with the laat leg, os deactibed by Wilion
('1966) for insects, instesd of the first leg, but the slow walkig speed data for crabs do
not suppert the walking sequenee puradigm presented by Wilson based on stow speeds.
Murks on the ime axis denote 1-s intervals, Individual Jegs are denoted on the left
margin (I.] and RI are the mast arierior legs on the lell and right sides, respeetively),
{A) Classic metachronal patterny air regime, smooth terraing speed=2 1 cms )
(B} Mctachronal pattern with imconsistent participation of various legs; suhmerged
regime, rocky lormuin; specd—6 lems ', The duty factor is cssentially the same for the
twor leg rows (32.4% and 39.5%) when all ¢ight legs are considered, but when the
fourth legs of each row are eliminated the leading row has a duty facwor of 39.8 % while
the trailing row has a factor of 44.0%. The change may reflect the time [or Laclile
cxploration by the legs of the leading row, Note the ‘missing' steps as dactyli are held
aff the substratum,

comparisons of means using nan-parametric lests so that equality of variances of
the tested groups is not required.

Owing to distortion near the edge of the sereen, no measurements wera taken
within K% of the distance to the margin. No other maasures were (aken to
compensate for possible distortdon due (o serecn curvature, Repeated examination
of several sequences resulted in duplication of lenath measurements to within
I'mm. Therelore, length measurement crrors are considered to be negligible.
Length data analyses also used non-parametric tasts.

Speeds of the four conditions differed among cach other {two-sided Mann
Whitney test, P<4).02) except that the specds on the two terrains of the submerged
regime were the same (lwo-sided Mann-Whitney test, P=0.38; Fig. 3). The range
of speeds was greatest in wir on smooth terrwn but smallest 1n air on rocky terrain
(Fig. ).
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Fig. 3. Distribution of observed walking speeds among the various test conditioms;
(A} submerged regime, rocky terrain (mean=7.6cms™t 5.0.=3.0em5™Y (B) sub-
merged repime. smooth 1errain (mean==4{cm s7 2 p.=28m s’l); {C) air repime,
rocky ferrain {mean—3 0uns™', s.0.=05ems"" ) (D) ait regime, smooth terrain
{mean—§.3cms" . v.0.=%.8ams™'). Caution must he used against nver-interpret-
ation of speed fraquency distribution data because data colloctinn was optimized for
stepping daly, not spacd distribution.

Stepping [requency is more closely vorrelated with walking speeds than s step
lengrh for every condition excepl the case of the leading leg row in air over rocky
terrain (Table 1), The relative importanee of frequency and length between the
leading tow and trailing row of legs differs between terraing of cach repime
(Table 1). The relationships of walking speed to stepping frequency are fitted 1o
power functions (Table 2; Figs 4, 2, 6, 7): at the higher speeds the rel:tionships
approach a straight line and at walking speeds of Ocms ' the stepping frequencies
are zerd, In the one condition for which speed is better correlated to step length,
thart relationship is also a power tunclion (Tahle 1).

‘The tatios of the step lengths botween the leading and trailing Jeg rows are the
samg for all the conditions except for walking m air on rocky terrain (Table 3),
These ratios do e change with walking speed under any of the four condirions (2
range 0.06—-0.46). A summary of the step length data 15 presenicd in Table 4.

The metachronul pavern (Fig. 2) was guantified by measuring the mean phasc
difference ot the step eyele smoung adjacent ipsilateral legs (luble 1). The pattern
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Table: 1. Some walking variubles of Pachygrapsus crassipes leg rows in different weiking

conditions
Condition Phase differences*  Frequencyt  Lengthl  Dury tactord
[regime, terrain, lep row, N) (% *5.0.} (r) (r) (% *s.0)
Adr, smooth, leading, 17 3012181 0.98 0.17 50.7+7.2
Alr, smowth, trailing, 17 45,6122 0.98 -0 53.8x5.8
Air, racky, leading, 15 47.3113.3 0,67 0.707 55.6-4.4
Adr, rocky, trading, 15 4L.5£7.2 178 0.17 LERE- N
Submerged, finocth, leading, 25 A3 E+R.3 0.2 0.0 40,7+4.5
Submereed, smoath, trailing, 25 49,8 L7.6 0.%0 0.47 45.9+5.8
Submerged, recky, leading, 2 47.0+13.2 075 0.6l MNT7E4.9
Submerged, rocky, mrailing, 23 46.7£10.1 {1.694 -0.06 42.3L5.0

Dndy the anlerior six walking leps are considered.

N, number ol sequences,

*Mean phare dilferences,

¥ Correlation of walking specd with stepping frequency,

7 Currelation of walking spead with step Iength.

§ Mean duty lactor,

1 Regression data; step length (mm) = 22 .44 x speed” ™ (ems™") .

Table 2, Regression coufficients for stepping frequency (stepss ') as a function af
walking speed (cms ')

Condition

{regims, termain, leg row) ] b R N
Air. smoath, leading 0.22 (0.49] 2.6-41 17
AlL, smooth, trafiing 0.27 (176 2.6-41 17
Afr, rocky, leading .43 0.4% 21-3.8 15
Alr, rucky, Itailing 026 0.84 2.1--3.8 15
Submerged, smooth, leading 018 .98 37 147 25
Submerged. sinoarh, irailing 026 082 37147 25
Submerged, rocky, leading .35 (.64 4,1-16.8 25
Submerged, tocky, trailing 1,25 .91 4.1-16.8 25

Regression coefficients are lor the relationship y = axf.

Only \he antenor six walking legs are considered,
R, speed range.

A number al sequences,

Degrees ol freedom - A 2 in cach case.

dict not differ between leading and trailing oy rows for three of the conditions
{two-sided Mann-Whilney test, £=0.42), but the trailing leg row had a signifi-
eanily greater phase shift than the leading row on the smooth tercain of the
submerged regiine (two-sided Munn-Whitney test, P<2(.008). The phase differ-
enee did not change with the walking speeds T measured under any condition for
cither the leading or trailing leg rows (7 rangc 0.00-0.22),
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Steppng frequency (stepss”

s 1 1 Il 1 L M L A

0 3 1 15 20 25 W0 35 40

Walking speed {em s"}

Fig. &, The relatianship of slepping frequency to walking speed for share crabs
travelling over smooth terrain in air, Trangles and sofid line are for the leading leg
row, circles and dushed line are for the trailing leg row, equations deseribing lines are
given in ‘Table 25 sample size is 17, each point represcnts sn average value computed
from 7-15 steps (mean= 0.1 sleps; 8.0, —1.80 steps).

Table: 3. Step-length ratios of leading:trailing leg rows and the srance width

Condition Step-length Stunee width
(regime, terrain, N) tutios {mm)
Air, smoath, 17 1.05x0.12 130.2x16.2
Air, rocky, 15 N.80=0.11 FEEES
Submerged, smooth, 23 1.15£0.19 111.7+5.1
Submerged, tocky, 23 LO7£0.15 pHERES. R

Walues ar¢ mean®s, o
Only the anterior six walking leps are considered.
N, number of seeuenees,

The duty factor {fraction of the step cycle in which the dactylus is in contact with
the substratum} of the leading row was less than that of the trailing row in the -
submerged regime (two-sided Mann-Whitney test, P=0.01 over smooth terrain
and P04 over rocky terrain). In the air regime the duty factors between leg
rows were the same (two-sided Mann-Whitney test, P=0.07 over smooth terrain
and P=0.26 over racky terrain). In air, the duty factor of the trailing leg rows over
(L two terraing is the same (two-sided Mann-Whimey 1est, £>0.57), but it is
grealer in the leading row over rocky than over smooth terrain (two-sided
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Sleppiag heyueney (stepss™ '

Fig 7. The relationship of stepping requency vy walking speed far shore crabs
{ravelling over rocky eivain while submerged. Triangles and solid line are for the
leading leg row: circles and dashed line are for the trailing leg row; cquations
describing lings are given in Teble 2; sample size is 25: cuch point represents un average

10

Walking specd {omy hy

14 U]

value computed from 7-19 steps (mean=12,7 steps; 5.0, — 2,75 sleps),

Table 4. Step lengths (mm) of Pachygrapsus crassipes when walking in different

caonditions

Conelition

(regime, terrain, log vow) Muan +s.D. Range N
Air, stmooth, leading 54,9 6.04 41.3-65.8 17
Air, snooth, erailing 51.7 4.63 43 5-50.2 17
Air, rocky, leading 41.8 586 29.5-51.8 15
Air, racky. trailing 47.2 4.32 42.3-56.9 15
Submerged, smooth, leading B2 10,54 45 0-%1.6 5
Submerged., smooth, trailing 530 310 A0 85,7 25
Submerged, rocky. leading 51.5 8.24 33.1-68.8 25
Submerged, rocky, trailing 0.7 6,53 33.4-60,9 25

Ornlv the anterior six walking legs are considerad.

N, number of sequences.

Mann-Whitney test, P=20.03; Table 1), There wus no significant relationship with
walking speed {#* range 0.00-01.39 for all four conditicns), possibly due partly to
the large variability of the duty factor at the lower speeds and the small sample size
at the higher speeds (Fig. 8).

The stances differed significantly among conditions (two-sided Mann—Whitney
rest, L.003), The widest and narrowest stances occurred o air while the {wo
conditions of the submerped regime had stances closer wgether and between the
values [or the air regime (Table 3). Stanee did nou change with walking speed (#°

range 0.01-0,22 {or all conditions}.
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Fig. & Fxumple of the variability of duty factor (fraction of the stepping eycle during
which the dactyl ix in contuct with the substratum) values relutive to walldng speed of
shore crabs. These data (N=17) are for the trailing leg row when on smooth terrain in
air. The obvious variability is similar when walking under the oiher test conditions.
There is no significunt relationship batween walking speed and duty faclor in any
candition.

Buoyancy chiminated over 80% of in-air woight when the crabs were sub-
merged. One group lost £3.5 % of its in-air weight while the other lost 85.09% . The
differenee may be due to incomplewe filling of the branchial chamber when
immersed for measurement. These results indicale a specific gravity of 1.2 for
these shore crabs,

Discussion

Because T made no effort to examine the full range of walking speeds for these
erubs under any of the conditions, these speed ranges arc probably not representa-
tive of the crabs’ abilities, Therefors, my interpretations of speed-related
behaviours are conservative and may be shown to be erroncous by subsequent
studies. Ilowever, bocause the overlap of the ranges s so extensive, comparison of
Lthe walking variables for each of the different conditions seems reasonabte.

Pachygrapsuy crasipes obviously modify walking vanables according to regimes
and Lurrain, Although various aspects of the crabs’ ecology may be the causes of
these medilicalions, (he behaviours are consislent with a locomotion paradigm.
‘T'he primary habitat of rocky shores (Hiatt, 1948; Gross, 1957) carries with it a risk
of accidental damage 1o carapuce or appendage due to 4 mis-step. Therefore, the
walking modifications may be to maximize cuse of walking 2nd 16 minimize risk of
injury.
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The rocky terrzin in air ofiercd the highest rigk and the crabs displaved the
slowest walking speeds and the narrowest stances, The nurrow stance may be 1o
maximize the distance between the bady and the uneven, unpredictable surface.
Such a surface is more likely to injure the body in the event of a mis-step. The
narrow stance also offers stabllity by allowing a step-length rescrve: if a
satisfuctory foot-held does not oceur at an optimum short distance, the crab can
lower its body to allow the dactylus {o extend farther m its scarch for another site.
By lowzring 115 body, the centre of gruvity can remain within the boundaries of its
buge of support. This type of stability may be safer for (he crab because il is
tunctional under both standing and walking conditions but does not have the
potential for fulling that *dynamic stability” has (Hildebrand. 1980). Because it has
many legs. more dactyll cun be 1 coniact with the substratum s the duty factor
increases, With more than three daetyli on the substratum, the base of support
expands from a trigngle w & polygon of grealer arca, The larger area will teduce
the opportuntiies for the erab’s centre of gravity w move bevond its base of
support. Therefore. with its malriple legs stepping in a metachronal pattern, the
crab ¢an incegase (18 statle stabilty by increasing its duty factor. The largest duty
factor of all leg rows occurred over Tocky terrain in air (Table 1), where poor
stabilily may have the worst consequences in terms of accidental injury.

The effeet of buoyaney when subtnerged reduces the risk of dimage when over
any terrain compared o being in air. This reduced 1isk is reflected in walking
spoeds, stunces and duty faclors, The specds over tocky terrain were not reduced
compared with those aver smcoth terrain, The stance aver weky terTuin was wigder
than its counterpatr in the air regime, perhaps because buoyancy reduccs the
strength required for standing. enabling obluse angles in the log joints to be
maintained with less offort and simultancously providing a lower profi'e that
reduccy interaction with drag farces of currents. Currents are reduced within the
boundary layer that vccurs al the substratum surface (Vogel, 1981, The duty
factors were less than d6% for all leg rows over hoth submerged terrains. The
larges dutly factors of the tralling 18g rows when submerged may be necessary to
provide adequate thrust ta counteract the drag forces ancountered. Other crubs
push with their wrailing legs instead of pulling with their leading legs (Flafemann
and Hubbard, 1969; Burraws and Hoyle, 1973).

When submerged, constant propulsive effort against drag forces may be more
caergetically c¢fficient than intermittent effort for animals with rigid bodies
(Weihs, 1974) and low finencss ratios (Blake, 1983) like these crabs, A phase
differsnce of 0% for the trailing {propulsive) lig row would allow more uniforin
propulsivs effort and s possible only over smooth terrain, because secure dactyli
placement without searching is assured by the predictability of the terrain. This
rationale iy supported by reselts showing that the only condition in which the
trailing row had a plase difference of 500% occurred over smuooth terrain when
submerged.

The [orces necded 0 overcome locomotory drag can be roughly estimated and
compared Lo the [oree needed 1o overcome gravity, Let us assume the foltowing,
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Frontyl area of the crab o the direction of motion (4) is 4cm?; speed (1) is
Wems™!: drag cocfficient {(€1;) is 0.5 (blunt body with rounded corners); and the
density of water (p} is 1000 kgm ™ . Using drag (2)=0.5p4Col?, D=0.001 N, If
the crab has 2 mass of 35g in air. then it has an underwater weight of 0.05N
(0,035 kg in air=9.8 N kg™ ' %0.16 negative buoyancy). Therufore, at the majority
ot underwater walking speeds 1 observed, the forces required to overcome drag
appear ta be upproximately one ordet of magnitude lower than those required to
OVEICOINE Rravity.

Crabs apparently recognize the general nature of the lerrain and remember the
detuils as they encounter them, at least for the short term. The risk of injury due ta
& mis-step in air over rocky terrain would malke learning more imperative thore
than over the other terrains. In air over rocky terrain the leading legs generally
have shorter steps than the following legs (Table 3), a pattern o be expected if the
crab is learning the irregularities with the leading legs but not the trailing legs.
Consequently, the trailing Tegs can be placed directly on a known stable site and
not used for tactile searching, resulting in a longer step length. Cver smooth
terrain in both regimes the leading legs do not need wo scarch and, over rocky
terrain in the submerged regime. buoyancy diminishes problems from mis-steps.
Carrespondingly. under these three conditions not requiring tactile searching, the
leading legs tuke longer steps than do the 1railing legs (Table 3). Newromuscular
aclivity of Carcinus maenay over smooth terrain in the two regimes also indicates
longer steps by the leading legs (Clarac ef af. 1987).

Vislon plays an importand rolo in ascertaining the general nature of the terrain
{(Hiatt, 1948). The eyes can be elevated and rotated in their stalks to maximize
their visuad capacity (TTiate, 1948). However, becansc the eves are located
anteriotty and the urab walks sideways, the ¢yes may not be ideally locuted to view
the terrain in the path of travel. Perhaps in partial compensation, the fourth leg of
each side, located at the apposite end of the body from the cyes. is used for tactile
fuedbuck ubout the terrain und is not a consistent direct contributor to P. crassipes
walking or to ghost crab running {Milne and Milne, 1946; Hafemann and

Hubbard, 1969}, The tactile feedback of the fourth legs can alse be instrumental’

when the erab walks backwards and when it secks refuge (Hiaul, 1948; Bovbjerg.
1960},

Locomotion in (wo regimes is a key adapiation for shore crabs. The ability to
walk [rom s submerged regime onto land requires adjustment to a sixfold increase
in gravitational effcels, an issue that must have been one of the first addressed to
facilitate adaptations for terrestrial excursions. Terrestrig] adaptations for dessica-
tion, respiration and (thermal pradients can develop in small increments after the
advent of terrestrial excursions. Real proficiency in terrestrial locomation enables
searching far scparate bodies of water compatible with survival and propagation,
Escape from the aquatic regime when dissolved oxygen decreases to levels
approaching zeTo. as his been observed in coastal lagoons (Carpelin, 1961), offers
survival, bscape ta the terrestrial regime offers avoidance of aquatic predators and
exposurce of another habitat for foraging. Coastal lugoons may have afforded ideal
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226 C. A. Hur

conditions for the evolution of terrestrial erabs (Gross, 1961), but the ability to
wilk in beth repimes must have been one of the first steps in that cvolution.

I thank R. R. Hessler snd twe anonymeous reviewers [ur helpful comments on
the manuseript and F. 8. Shipps lor technical sssistunee. This effort was supported
largely throngh NAVSEA Progrum Element 63721N and NAVFAC [R Project
NOSC-89-05.
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1.5, Department of the [ntenor

Gerlifications Regarding Debarment, Suspension and
Other Responsibility Matters, Drug-Free Workplace
Reguirements and Lobbying

Persons signing this form should refer fo the requlations
referanced below tar coemplefs instoudions:

Certicalion Regarding Debarment, Suspension, and Other
Responsipiity Matters  Primary Covered Transactions - The
prospeetive  primary  padicipant further agrees by
submitting this proposal that [t will include the ¢lause
titled, "Certificalion Regarding Deharment, Suspension,
ineligiblity and Valuntary Exclusian - Lawer Tler Covered
Transaction," provided by the department or agency
antaring inla  this  covared  (ransaction, withaul
medification, in all [ower tier covergd transactions and in
all salicitations for 1ower lier covarad transactions, Seo
below for language 1o bi used; yse this form lor certification
and sign, or use Deparment of the Interior Form 18934 (DI-
1954}, {See Appendix A ol Suppart D of 43 CFR Pan %)

Ceonification Regarding Debamment, Suspension. Ineligibiny
and Veoluntary Exdusian - Lower Tigt Covered Transacions .
(See Agpendix & of Subpart D of 43 CFR Pant 12

Cerification Regarding Drug-Free Workplace Requirements .
Alternate 1. (Granmees Qlher Than Individuals) ang Alternale
I, {Grantees Who ate Indivduals) - (See Appendix C of
Subparl D of 43 CER Pan 13)

Signature on this form provides for compliance with
cettification requirements unger 43CFR Parts 12 ang 18. The
cofifications shall be reated as @ matenal répresentation of
fact upan which raliance will bo placed when the Depadment
of tha Interor determmes fo award the covered transaclion
gianl, cooperative agreement o koan.

PART A: Gertification Regarding Debﬁrrne]'lt, Suspansion, and Othar Responsibility Matters -

Primary Covered Transactions

CHECK__IF THIS CERTIFICATION 15 FOR A PRIMARY COVERED TRANSACTION AND 1S APPLICABLE.

(1) The praspective primary pasticipant certifics Lo the Dest of j15 knowledge and belief, thal it and ils principats:

{3)  Are not presently debsrred, suspended, propesed for debarment, declared ineligible, or voluntarity excluded from
covered [ransactions by any Foderal department sr agency;

(e}  Have not within a three-year periad preceding this proposal been coavicled of ar bad 2 ewal judgment rendered againsd
them far commission of fraud or 2 eriminal offense in ganneclion with oblaining. altempling 1o ablain, or pedorming
a public {Federal, Stale or locah lransaction or contract under a public transaction: viglalion of Federal or State
antitrust stalules or cominission of embezzlement, thaft, forgery, bribeny, falzification or destiuclion of records. making

false stalzinents, or regeiving stolen property;

{c) Are not prosently indicied far or otherwise c,l'lminatly or c.iv'ill\,r charged by a govermmenial ennty (Fedetal, State o
local) wilh commissian of any of tha afenses enumeraled in paragraph (1){1) of thes certfication: and

(d)  Havenotwilhin g fhrog-year period preceding 11is appiication/prapasal had one o mare Dublic iransachicns (Federal,

State ar locsl) termingled fgr cause or dofault

(2) Wherg the prospettive priraardy parficipant 15 unable 1o sertdy 10 any af the slalencnts in this ceRfication sUch prospective

paricipznl shall glach an explanation ta this propasat,

PART 8- Certification Regarding Deharment. Suspension, Ineligibility and Voluntary Txclusion -

Lower Tier Covered fransactions

CHETK_ e Trus CRRTICATION 15 FOA A L GWLR TIER COVERED TRANTAL TION QT 15 are CABLE

1

transaction by any b oderal department or agancy

2] Where ihe prospoctve lower pe participant i unutile o cetify t any of the slalemonism ths orrbficayen, such prospe

participant shall a'tach nn ceplanalian 1o thes propasqa

The prospestive wwrer tiar partcipant sersins, by sUbMision of s proposal, that nether 4 oo it pircipals 15 presantty
debared, suipendes, proposed far gebarmenn, declarer ngagible, ar voluntarily extiuged Irom partciprian |

n 1his

clive

[JERLL

[TV T8

[TV m rpapgliggien 1750 D1 134
EREL AR TRT T RN L} ||
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PART ¢: Certificntion Hflgarqu Drugg-Free WD!’kplace quunrcmcnls

CHFCKH.C THIS CERTIFICA TION 15 FOR AN APPLICANT WHO 15 NOT AN INDIVIDLAE
Alleenate | (Geantees Other Than lngiaduals)
A Tho grantec corufies that it wil gr conbinue o provide a drug-lree workplace by

(a}  FPublishing a satement notifying cmployees that the unlawful manufaciure, disiebution. dispensing, possession, or use
of a conirolled substance is prahibited in the grantea’s workplace and specilying the actions that will be taken against
empleyees for violalion of such prohibition;

(o Gelablishing an ongeing drug-free awareness pregram 1o idorm employees about—
! (1) The dangers of drug gbuse in the workplace,
(2) The grantee’'s policy of maintaining a diay-freg workplace;
(3 Any available drug counseling, rehabilitation, and employee assislance programs; and
(4) The penalties that may be impaosed upen empiayees for drug abuse violalions ogeuriing in the weorkplaca;

(o Making it a requirgmen| ihal pach employee lo be engaged in the perlormance of the grant be given a copy of Lthe
statemen! required by paragraph (a);

{d)  Notifying the employee in the statement required by paragraph () Ihal, as a condiisn of gmployment undar the geand,

lhe employce will —
{1)  Abide By the lerms of the staicment. and
() Notify the emplover in writing of his or her conviction for a violation of 3 ciminal drug slatute vccuriing in the

workplace no later than five calendar days afler such conviclion;

le) Notifying (he agency in wnhing. within ten catendar days afler recewing noliCE under subparagraph (d)(2) from an
omployee or othenwise reguiving actual police ol such conviclion. Employeds of convicléd employess musl provide
notice, including position titlke, 1o every grant offices on whose grant activity he convicled employee was working.
unless the Federal agency has designated a centig! point for the receipl of such nolices. Molice shail ingluda the
dentification numbers(s) of gach 2Hected grant,

{fy  Taking cne of the following actions, within 30 calendar days ¢f receiving notice under subnaragraph {d)(2), with

respect i0 any employee who i5 50 convicted - ] ) ) . )
(1) Taking appropiiale persgnnel action against such an employee, up to and including 12rminalion, consistant wilh

the requirements of the Rehabilitation Act of 1973, as amended. or o
(2) Reauiring such employes to paricleate satisfactuily in 8 diug abuse assistance of rehabilitation program
appraved Tor siurh purpeses by a Federal, State, or local health, law enforcement, or olher appropriale agency;

{g}  Making a guod faih effort to continue 1o maintain a drug-free workplace through implementation of paragraphs (3}
(b), (), (A}, (&} and (1}

B. The gramtes may in3eitin the space provided below the sité(s for the perormance of work done in conneclion with the
specific grant:

Place of Pedormance (Stre=t addreﬁfgéé‘?a’hﬁﬁa’vme'ﬁéﬁ ﬁwg%a‘t} on

One Shields Avenue, U.C. Davis
&epLHaLL-RWMLEHL—

7

__ Davis, CA 95616~ 5?24

Check__ f thers are workplades an fie (il are nol ®enbified hee.

PART D. Certifigation Rpc_;.xrd\m_; Urug-Free WorkplacO Reqmrennntd

CHECH 05 THES CERTIE L O S TOR RN APPLICANF AHD 16 AN mDiialiiaL

Allernate 1 {((Girantecs Who A Iid wirdi ks )

[ay Thi graninn cerlifies that, gz a condd oo of the grant, he gr she will pol #ngage in e unlgwlul manulaciure,
distnbign dispensing possossioen, o ute of o contioled subslance in conduchng any actvily wilh 1he granl,

by Weonwieted of a cnrinal drug offenss resulling from a vislzlon occuenng dunng the conduct of any grant activity, he
ar she will report the convictnn, 0 woling. within 10 calendar days af the comvichion (o the grang otficer of other
deswinec, unless he Federgl ggency oosgnaies acentral poinl lor the racedfl of suel notice s When notice is made
1 such g cendral point. i skl inelusde The dentificabos numba{ey of canh fected yranl
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PART €. Certification Regarding Lobhying
Certification lor Contracts, Grants, Loans, and Cgoperative Agreements

e —— R _— . —_— )

CHEGK X IF CLRTIFICATION 15 FOR THE AWARD OF ANY OF THE FOLLOWING AND
THE AMODNT EXCECDE $100.000: A FEDERAL GRANT DR CQOPERATIVE AGREEMENT,
SUBCONTRACT. QR SUBGRANT UNDER THE GRANT O COOPERATIVE AGREEMENT.

CHECK  1F CERTIWICATION IS FOR THE AWARD QF A FEDERAL
QAN EXCEEDING THE AMOUNT OF $150000, OR A SUBGRANT DR
SURBCONTRAGT EXCEEDING 3T00.000, UNDER THE LOAN.

he undersigned certifies, 1o the best of his or her knowledge and beliel. that:

{1} Mo Federal appoprated funds have been paid or wil be paid, by or on behalf of the yndersigned, (o any persen for
influencing or atempling Lo infiuence an officer or emplayes of an zgency, 2 Member of Congress. and officer or employee
of Congress, or 3n employee of A Member of Congress in cornéclion with the awarding af any Federal contract, the making
of any Federal grani, the making of any Federal I2an, the aatering inte of any coaoperative agreement, and Lhe extension,
cantruauan, renewat, amendment, or medification of zny Federal ¢contract, grant, loan, or cocperalive agreement,

It any funds other than Federal appropriated funds have been paid or will be paig (o any person for influencing or aflarpting
to influence an officer or employee of any agency, 3 Member of Congress, an officer ar employea of Congress, or an
emplayee of a Member of Congress I connection with (his Federal contract, grant, loan, or cooperative agreememt, the
undersigned shall complete 2nd submit Standarg Form-LLL. "Disclosure Form o Repor Labbying,” in accordance with its
INSTTUCHONS,

(2

(3} The undersigned shal recuire that the language of this cerification be inclided in the award decuments for all subawards
ai all tiers {Inclyding subcontfacts, subgiants, and cootracis unde: grants, ioans. and cooperative agraements) and that ait
subrecipients shali cortify accordingly.

This certification 1s a material representalion of fact upon which reliznce was placed when this transaction was made or entered
inlg. Submission af his cartification ig a prercquisite for making of entering Mo this transadlion imposed by Section 1352, tille
UG Code Any peison whe fails ta file the required cenification shall be subject to a civil penglty of not [ess than $16.000
and not mara than $100.000 fer cach such failure

Az the autherized cerlifying official, | herchy cenity Lhat the above specified cerificalions are 1rye.

A

IYPED nAME AND TITLY CLTFEGRD A. HUT, Biclogist/Principal Investigator

=t -
SIGNATURT CF AUTHORIZED CERTITYING OFFICIAL dfé

DATE i = _;;)r?'/\v- (P‘y
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U. 8. Department of the Interior
UJ. 8. Geological Survey  Biclogical Resources Division
Woestern Ccological Research Center ' L A
Davis Field Station a ySG§
278 Kerr Hall el o Shan it
University of California

One Shiclds Ave.

Davis, California 95616-5224
(530} 7526420 FAX [530) 752-2561

Aptil 14, 1999

Mr. David Momison, Resource Manager
Yolo County Planning Department

292 W_ Beamer St

Woodland, CA 95695

Dear Mr Momison;

By this letter we are providing notification of that it is the intent of the Western Ecological
Rescarch Center of the Biological Resources Division, a division of the US Geological Survey,
to submit a proposal to CALFED to conduct research studies within Yolo County. These studies
will focus on the non-native invasive species known as the Chinese mitten crab. Although this
crab is now distributed throughout most of the drainage system of the Sacramento River, these
particulur studies will be conducted in laboratories on the campus of the University of California
in Davis. These studies focus on an aspect of walking biology of these crabs with the goal that
the resultant information will facilitate the reduction and control of their populations,

If you have any questions, please contact me at the Davis field station; (330)752-6420.

Sincerely,

/(‘“/(/' / J*t
Cliffofd A. 11ui, Ph.D.
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. 8. Department of the Interior
U. §. Geological Survey  Biological Resources Division
Western Ecological Research Center r’—"‘ Us Gs
Davis Field Station a Uouo
278 Kerr Hall
University of California

One Shields Ave,

Davis, California 95616-5224
{330 7514420 FAZX (5Mh) 752-8561

April 14, 1959

Members of the Yolo County Board of Supervisors
Board of Supervisors’ Office

625 Court Street, Room 204

Woodland, CA 95695

Dear Board Members;

By this letter we are providing notification of that it is the intent of the Western Ecological
Research Center of the Biolopical Resources Divisicn, a division of the US Geological Survey,
to subimit a proposal to CATFED to conduet rescarch studies within Yolo County. These studies
will focus on the non-native mvasive species known as the Chinese mitten crab. Although this
cral is now distributed throughout meost of the drainage system of the Sacramento River, these
particular studies will be conducted in laboratories on the campus of the University of Califormia
in Davis. These studies focus on an aspect of walking hiology of these crabs with the goal that
the resultant infarmation will facilitate the reduction and control of their populations.

If you have any guestions, please contact me at the Davis field station: (530)752-6420.

;

Sinct;l'ﬂ}}t,

Clifford'A. Hui, Ph.D.
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U. 8. Department of the Inlerior
11. 8. Geological Survey  Biological Resources Division
Waestern Ecologiesl Regearch Center '
Davis Field Station %y%§
278 Kerr Hall
University of California
QOne Shields Ave,

Davis, California 95616-5224
(330 753-6420 FAX (438} 752-2551

April 14, 1999

Delta Protection Conmission
14215 River Road

F.Q. Box 430

Walnut Grove, California 95690

Dear Commission Members;

By this letter we are providing notification of that it is the intent of the Western Ecological
Rescarch Center of the Biological Resources Diviston, a division of the US Geological Survey,
to submit a proposal 1o CALFED to conduct research studics with results which may afiect the
Delta. These studies will focus on the nen-native invasive species known as the Chinese mitten
crah, now distributed througheut most of the drainage system of the Sacramento and San Joaquin
Rivers. These particular studies will be conducted in laboratories on the campus of the
University of California in Davis. They will focus on an aspect of walking biology of these crabs
with the goal that the resultant information will facilitate the reduction and control of crab

populations.

If you have any questions, please contact me at the Davis field station: (530)752-6420.

Smcerely,

‘ %/// /a sty e
Cliffoy Hui, Ph D.
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